Imaging fiber bundles can map the curved image surface formed by some high-performance lenses onto flat focal plane detectors. Relative alignment between the focal plane array pixels and the quasiperiodic fiber bundle cores can impose an undesirable space variant moiré pattern, but this effect may be greatly reduced by flat-field calibration, provided the local responsivity is known. Here we demonstrate a stable metric for spatial analysis of the moiré pattern strength, and use it to quantify the effect of relative sensor and fiber bundle pitch, and that of the Bayer color filter. We measure the thermal dependence of the moiré pattern, and the achievable improvement by flat field calibration at different operating temperatures. We show that a flat-field calibration image at a desired operating temperature can be generated using linear interpolation between white images at several fixed temperatures, comparing the final image quality with an experimentally acquired image at the same temperature.
INTRODUCTION
In monocentric fiber-coupled imagers, multicore imaging fiber bundles polished with a curved input face map a spherical image surface onto one or more focal planes [1] [2] [3] . This image transfer can cause aliasing (moiré patterns) to appear on the sensed image. Moiré effects can be eliminated by 4x to 8x oversampling of either the fiber bundle or image sensor, but the minimum practical pitch of both the optical fiber bundle and the sensor pixel are constrained by optical diffraction. The smallest commercially available focal plane pixels are 1.12µm pitch, although larger (up to about 6µm) pixels are typically used to achieve high image dynamic range [4] . Fiber bundles with numerical aperture of 1 and pitch more than about 2.2µm can have high spatial contrast, but smaller pitches lead to coupling between fiber cores and low image contrast. This means that oversampling of either the fiber bundle or sensor intrinsically reduces the maximum information content of the image. Instead, the moiré pattern in images captured with comparable fiber and sensor pitches can best be minimized by analog preprocessing and digital post-processing to increase the image visual quality with minimal sacrifice of resolution or dynamic range. Analog signal preprocessing is done by the physical structure of the fiber-coupled sensor, including the choice of fiber structure and integration method. For example, rotating the axis of the fiber lattice with respect to the axis of the focal plane [5] increases the spatial frequency of the raw moiré pattern, which tends to reduce the visual impact. A cross-sectional schematic and scanning electron microscope image of a fibercoupled sensor are shown in Figs. 1(a) and 1(b), respectively. In Fig. 2 (a), a thresholded refractive index profile of a SCHOTT 24AS fiber bundle with a pitch of 2.5µm and numerical aperture of 1 is numerically sampled by an individual color channel of focal planes with 98% active area fill factor and a pitch (Λ) of 1.12µm, 1.75µm and 4.5µm, in Figs. 2(b-d) , respectively. The sampled images of the refractive index profile of the fiber resemble white images captured with a fiber-coupled sensor. The sensor pitches (Λ) used in the numerical simulations in Fig. 2 are those of the following commercially available back-side illuminated CMOS focal planes: the 13Mpixel 1.12µm pitch OmniVision OV13850, the 5Mpixel 1.75µm pitch OmniVision OV5653, and the 25 Mpixel 4.5µm pitch On Semiconductor VITA 25K. The generated gray scale images show the modulation for a 1.12µm pitch sensor is deeper than that for 1.75µm or 4.5µm pitch sensors. Increasing the fiber-sensor distance via a thicker adhesive seam will also reduce moiré artifacts by spreading the emitted light from the fiber bundle. However, a larger pitch sensor reduces the resolution of the fiber-coupled system to that of the sensor pitch, and increasing fiber-sensor separation reduces spatial resolution due to blurring. The challenge is to reduce moiré without compromising the resolution.
In this work, we focus on a sensor pitch of 1.12µm because it results in the strongest moiré pattern when using a 2.5µm SCHOTT 24AS fiber bundle [6] . In addition, the axis of the fiber bundle lattice in most regions is purposely only rotated by 2 • with respect to the axis of the sensor pixels, and the fiber-sensor distance is purposely minimized. These fabrication factors are the worse-case for the analog preprocessing of moiré and allow us to better assess the capabilities of digital post-processing techniques.
Digital post-processing by flat-field calibration can dramatically reduce the moiré pattern in the final images [7] [8] [9] . Here a white image taken with the system is used for pixel-wise division of subsequent images, regardless of the scene. This method has been used to reduce both deterministic image defects and moiré patterns for fiber-coupled monocentric imagers [9] . However, these initial experiments used white calibration images acquired at the same temperature as the scene images. Moiré patterns are strongly dependent on the relative positions of the fiber cores and sensor pixels. Because the coefficient of thermal expansion (CTE) of the glass fiber bundle (6.8ppm/ • C, [10] ) does not match that of the silicon CMOS sensor (3.6ppm/ • C, [11] ), we expect the moiré pattern to change with temperature.
In this paper we explore the impact of thermally induced variations of the moiré pattern strength in the calibration of the images taken with fiber-coupled sensors, and show the method can be used over a large range of operating temperatures. 
ASSEMBLY AND FLAT-FIELD CALIBRATION
To assemble a fiber-coupled sensor, the sensor's cover glass is removed, as shown in Fig. 3(a) , and a 4.9mm×3.73mm machined fiber bundle with a length of 2.63mm ( Fig. 3(b) ) is bonded to the bare sensor's surface using UV-cured Norland NOA72 adhesive (Fig. 3 (c) ). We used SCHOTT 24AS imaging fiber bundles ( Fig. 2(a) ) with a pitch size of 2.5µm, 80% corepitch duty cycle, and a numerical aperture of 1 [6] . During the stack-and-draw manufacturing process, fiber orientations in the lattice can vary at different regions in the bundle. This results in variations in the moiré pattern at different regions of the images obtained with fiber-coupled sensor, as seen in the numerical analysis in Fig. 2 . The assembled bare and fibercoupled sensors are shown in a testbed in Fig. 3(d) . The setup with added telecentric lenses in Fig. 3 (e) is placed in an oven looking outside through the glass window, Fig. 3(f) , in order to control the temperature of the bare and fiber-coupled imagers simultaneously. Fig. 4(a) shows an example of a 13Mpixel image acquired with the color fiber-coupled sensor with 1.12µm pixels and a telecentric flat-focus lens (Kowa LM5JC10M, 5mm focal length, F/2) at 23 • C. The color image is generated from the Bayer color filter array (CFA) raw image data using bilinear interpolation. The zoomed-in images in Fig. 4(a) show strong moiré artifacts which originated from the moiré in the raw gray-scale image and were amplified by CFA interpolation. The observed moiré pattern can be significantly reduced through flat-field calibration of the raw image using an image of a white uniformly illuminated scene. The raw images used in the flat-field calibration process are first calibrated to remove fixed pattern sensor noise associated with dark current by subtracting the corresponding dark images. In the temperature ranges of our experiments, thermal variations of the dark image were insignificant.
We take two sets of 10 flat-field images at temperatures of 23 • C and 50 • C. The averaged flat-field of each set is used for calibration of the image in Fig. 4(a) . The calibrated images using the flat-fields at 23 • C and 50 • C are shown in Figs. 4(b) and (c), respectively. The flat-field calibration using a white image at a different temperature (Fig. 4(b) ) still significantly reduces the moiré variations compared with an uncalibrated image ( Fig. 4(a) ). The calibrated image in Fig. 4 (b) shows some residual moiré variation in the region close to the edge of the image compared with the center of the scene. The same temperature calibration in Fig. 4 (c) dramatically reduces the moiré from both the center and edge of the image and is comparable to the bare sensor image in Fig. 4(d) . Although the moiré is significantly reduced in the calibrated images even using different temperature flat-fields, the results show for an optimum flat-field calibration the white image needs to be acquired at the operating temperature of the imager. The highest temperature for acquiring the images in Fig. 4 is limited by the maximum safe operating temperature for the telecentric lenses which is 50 • C.
To investigate the impact of differential thermal expansion of the fiber bundle and the sensor on moiré pattern over a larger temperature range, we removed the imaging lenses from the system and directly illuminated the setup in Fig. 3 (d) by a collimated white light source placed outside of the oven. The temperature of the sensors can be safely increased to around 70 • C. Although this method limits our acquired scenes to white images, here we assume (based on a range of image observations) that the moiré pattern strength does not depend on specific scene features. In the next section, we develop a metric to analyze moiré strength in raw white images to study temperature induced variation of moiré pattern.
QUANTITATIVE ANALYSIS OF MOIRÉ PATTERN IN WHITE IMAGES
Subjective evaluation of moiré pattern is variable, and can be influenced by additional aliasing caused by the sampling of the display medium (e.g., computer monitor resolution). Here, we develop a metric for raw image moiré strength that is independent of display format and can be used for objective evaluation of local regions of a white image. Methods such as mean squared error (MSE), peak signal to noise ratio (PSNR), and structural similarity index (SSIM) have been used extensively for objective image quality evaluation [12] . These metrics require a reference image to assess the differences (in MSE and PSNR) or similarities (in SSIM) between the two images. In moiré strength analysis using SSIM, MSE and PSNR, the similarities and differences of the white images taken with the fibercoupled sensor can be compared to a theoretical white image at the same average intensity level. However, we found that MSE, PSNR, and SSIM are sensitive to the variations in the pixel in- tensities caused by sensor noise, resulting in artifacts in evaluation of moiré pattern in the images. To address this, we develop a method to track spatial variations of the moiré pattern using a windowed Fourier transform. First, an image is segmented into periodic regions, each large enough to contain several periods of the moiré. The image in each window is filtered using a 4 th order low-pass Butterworth filter, and the DC value is removed, as shown in Figs. 5(a-e). The cut-off frequency of the low-pass filter is chosen to be large enough to retain the low frequency moiré variations in the original image, but to remove high frequency sensor noise. Samples of the spatial images and their filtered spectral information in 100×100 pixel windows at different regions of the white image are shown in Figs. 6(a-d).
For visual display of the spatial variation a moiré "energy map" of the whole image can then be calculated by integrating the squared spectral signal in each window, as formulated in Eq. 1, where ψ i,j is the energy in the (i th , j th ) patch and s i,j is the filtered M × N signal patch.
Top row are raw 100×100 pixel patches at different spatial locations of the green 2 channel from the fiber-coupled sensor (OV13850) at 22 • C. The bottom row shows the modulus of the spectral images on the top row. In the spectral images, the DC value is removed and a 4 th order Butterworth low-pass filter with a radius of 20 pixels is applied.
Here the local patches are chosen to be 100×100 pixels, to contain several periods of moiré and still locally track the variations in the moiré pattern. The radius of the low-pass filter is 20 pixels in the spectral domain. The spectral domain analysis presented here mitigates the dependence of the moiré pattern evaluation on the high frequency sensor noise as well as the background intensity of the images, and only considers the moiré oscillations. Because high frequency noise has been removed, the signal fidelity metrics such as SSIM, MSE, and PSNR can be effectively used to compare the energy maps, as will be shown in the last section.
APPLYING THE METRIC ON RAW UN-CALIBRATED IMAGES
For these measurements, we used two color BSI CMOS sensors, the 1.75µm pitch OV5653 and the 1.12µm pitch OV13850, which include microlenses and Bayer color filters. We also tested a monochrome 1.12µm pitch OV13351 sensor, which is identical to the OV13850 other than the omission of both microlenses and color filters. This brings the fiber bundle into the closest possible contact (measured by SEM cross sections to be as little as 1.8µm) with the silicon chip and active photosensitive volume. Fiber-coupled sensors were covered by plane-plane polished 2.5µm pitch fiber bundles.
To record the white images, the focal planes shown in Fig. 3(d) were directly illuminated (without lenses) by a collimated and intensity-controlled white LED light source. The raw images acquired for all the sensors are taken to have the same average gray-scale intensity level by adjusting the individual color channel gain of the sensors to compensate for transmission efficiency of the color filters in the color sensors. For comparison of the moiré pattern in the fiber-coupled sensors with different pitches, we use an individual color channel in the color sensors (OV13850 and OV5653) and down sampled the image of the monochrome sensor (OV13351) to resemble the pattern of an individual Bayer channel. The assembly of the three fiber-coupled sensors is similar to that of the color sensor with the pitch of 1.12µm, as described in the previous section. Using the individual channels to study the moiré pattern avoids the potential dependence of the observed moiré pattern on the illumination spectrum and transmission efficiencies of the fiber-bundle and different color filters. The green 2 channel white images obtained with the fiber-coupled sensors, and corresponding energy map using Eq. 1 are shown in Fig. 7 . The observed moiré pattern in the white image of the 1.75µm color sensor, Fig. 7(a) , is much less pronounced compared with those of the color and monochrome sensors with 1.12µm pitch, shown in Figs. 7(b) and 7(c), respectively. This observation matches the prediction in Fig. 2 . The moiré strength in the spatial images acquired with the 1.75µm color sensor is visibly less than that in the color and monochrome 1.12µm pitch sensors, but there is no immediately visible difference between the 1.12µm monochrome and color sensor images. The energy map metric clarifies the differences between the 1.12µm pitch color and monochrome fiber coupled sensors. Stronger moiré artifacts in the monochrome sensor are due to a smaller separation between the fiber-bundle and the sensor. It should be noted that despite the lack of microlenses for the monochrome sensor, the effective fill-fractions of the pixel active areas of both color and monochrome 1.12µm sensors are similar because the refractive index of the epoxy used to attach the bundles to the sensors is matched with that of the lens array in the color sensor, which eliminates the lenslet focusing power. 
SPATIAL NON-UNIFORMITIES IN MOIRÉ ENERGY
In the previous section, the moiré energy maps of the 1.12µm pixel pitch color and monochrome fiber-coupled sensors in Figs. 7(e) and 7(f) showed a smaller energy at the edges of the images compared to the central region. This would be unexpected, if the sensor, fiber bundle, and adhesive seam were uniform over the sensor area. As a first step in characterizing the low energy regions around the edges of the energy map, we measured the impulse response of the monochrome fiber-coupled sensor using a 611.9nm He-Ne laser. Collimated laser light was focused using a 20x (NA=0.42) microscope objective and launched into the fiber bundle. The input beam is scanned at 250 points along a line in the longer dimension ('Y') of the monochrome fibercoupled sensor. We used the first-and second-moment methods in Ref. [13] , respectively to calculate the centroid and beam width for each image acquired along the line scan. The absence of color filters in the 1.12µm pitch monochrome sensor makes our observations in this section independent of the transmission efficiency of the color filter. The measured width of the detected beam versus the location of the beam presented in Fig. 8(a) shows a wider impulse response at the regions away from the center of the image. Samples of the detected intensity profiles at different regions along the line are shown in the subfigures.
We used the Wyko NTT1100 optical profiling system to identify the presence of any curvature in a bare monochrome sensor (OV13351) similar to that used in the fiber-coupled sensor. The cross section of the measured profile of the bare monochrome sensor along the center is shown in Fig. 8(b) . It should be noted that the image area of the monochrome sensor is 4.81mm×3.68mm and the cross section shown in Fig. 8(b) covers the whole length of the sensor. The measured profile shows a depth of 1.5µm to 2µm in the regions close to the bound- aries of the sensor. The resulting thicker adhesive line and the beam expansion explains the wider impulse response in these regions. The increased spatial dispersion of the light emitted from the rear fiber face reduces moiré strength in the regions close to the boundaries of the monochrome fiber-coupled sensor in Fig. 7(c) . The same effect describes the lower energy of moiré near the edges of images obtained with the fiber-coupled 1.12µm pitch color sensor. The impact of curvature in the fiber-coupled color sensor is expected to be less due to a larger distance between the fiber bundle and the sensor.
FLAT-FIELD CALIBRATION OF WHITE IMAGES
The images taken with the 1.12µm pitch sensor at a room temperature of 22 • C presented previously in Figs. 7(b) and 7(c) contain strong moiré patterns compared with the uniform green 2 channel white image of the bare sensor (OV13850) shown in Fig. 9(a) . White images taken with the 1.12µm pitch color and monochrome fiber-coupled sensors which have been calibrated with the flat-field calibration method are shown in Figs. 9(b) and 9(c), respectively. The white flat-field images used for calibration of the fiber-coupled sensors were taken at the same temperature, and only 10 seconds later than the original images in each case. The observed random noise pattern in the raw calibrated images, shown in Figs. 9(b) and 9(c), are on the order of variations in the bare-sensor image shown in Fig. 9(a) . The energy maps of the images in Figs. 9(a-c) are calculated using Eq. 1 in Figs. 9(d-f) , respectively.
The energy map of the bare sensor in Fig. 9(d) contains two very small non-uniform regions that are caused by dust particles observed on the sensor surface, which can be seen in Fig. 9(a) . The energy maps of the calibrated images in Figs. 9(e) and 9(f) show an effective removal of the moiré compared with the energy map of the uncalibrated images in Figs. 7(e) and 7(f).
Ref. [9] performed flat-field calibration without monitoring or controlling sensor temperature. In the next section, we use our energy metric to investigate the impact of temperature variations on the flat-field calibration. In the previous section, it was shown that the calibration of white images taken at room temperature using the flat-fields taken at the same temperature results in effective removal of the moiré pattern for the fiber-coupled monochrome and color sensors. A set of images at temperatures ranging from 22 • to 66 • C were taken with the fiber-coupled OV13351 (monochrome) and OV13850 (color) sensors through the window of a temperaturestabilized oven. Each time the temperature was changed, images were acquired after waiting one hour to allow the system to reach thermal equilibrium. The white images were generated by direct illumination of the sensors by a collimated white LED light source. We calibrated white images taken above room temperature using flat-field images taken at the same and different temperatures. We waited 10 seconds between capturing the white image and the flat-field at the same temperature. There is a longer time delay between capturing the white image and the flat-field when they are taken at different temperatures. Energy map cross-sections for the monochrome sensor at different temperatures show a slight increase in the energy of moiré at higher temperatures (see Fig. 10 ). These minimal variations can still result in strong fluctuations in a calibrated image because of the division operation inherent to the flat-field calibration process. The energy maps of calibrated white images at 66 • C using flat-fields obtained at 66 • C, 44 • C, and 22 • C are shown in Figs. 11(a-c) , respectively. Figure 11(a) shows that the calibration of a white image at 66 • C using the same temperature flat-field results in a uniform energy map similar to the roomtemperature calibrated image shown in Fig. 9(f) . On the other hand, calibration of the 66 • C image using flat-fields at different temperatures results in non-uniformities in the calibrated images, as shown in the energy maps in Figs. 11(b) and 11(c) . The same calibration process is performed using images taken with the color fiber-coupled sensor. The energy maps of the calibrated images taken at 66 • C using flat-fields at different temperatures for the green 2 channel of the raw image acquired with the color fiber-coupled sensor are shown in Figs. 12(a-c) . We observe similar trends for the different color channels of the color fiber-coupled sensor as we do with the monochrome sensor. We see larger moiré energy at the regions close to the boundaries of the calibrated images when using different temperature flat-fields. A similar trend is observed for the other channels. The results in this section show that the flat-field calibration can significantly reduce the moiré pattern in the fiber-coupled images, as long as the flat-field images are taken at the working temperature of the system. The calibration of images using flat-fields at very different temperatures can result in artifacts in the regions close to the boundaries of the calibrated images because of the difference between the CTE of the glass fiber and silicon sensor [14] . It should be noted that the observed nonuniformities at the regions close to the boundaries of the calibrated images using different temperature flat-fields are similar whether the flat-field temperature is lower or higher than the original image. It should also be noted that calibrating white images taken with the bare sensor using flat-fields at different temperatures does not result in any artifacts in the calibrated image.
CALIBRATION OF FIBER-COUPLED MONOCHROME AND COLOR SENSORS AT DIFFERENT TEMPERA-TURES

GENERATION OF FLAT-FIELD AT A DESIRED TEM-PERATURE
We found that thermal hysteresis of the fiber-coupled sensor was insignificant, implying that white images can be used for calibration of images taken later at the same temperature. A straightforward method to remove the moiré pattern in images taken at different temperatures is to store a look up table of white images taken at various temperatures, but in practice only a limited number of white images can be recorded and kept available. A previously proposed method to overcome this limitation for flat-field calibration of X-ray images uses a polynomial fit on several flat-field images at known conditions to generate the flat-field images for an unknown condition [15] . We used a similar procedure to generate a flat-field image at a desired temperature using white images at several known temperatures. We calculate the total energy of each color channel by integrating over the energy map and use this single value as a metric to identify the trend of the moiré energy versus temperature. The variations of the total moiré energy in the white images versus temperature for different channels are shown in Fig. 13 . The variations in the total moiré energy of the white images versus temperature is very small, but using a white image at a different temperature for calibration can still result in artifacts in the corrected images (as discussed in sections 2 and 6). Due to the linear behavior of the moiré energy, we choose to implement a linear interpolation method for generating white images at arbitrary temperatures. As an example, we applied the interpolation process on the individual pixels of white images at known temperatures to calculate a white image at the temperature of 38.4 • C. The total moiré energy for each color channel of the interpolated image at 38.4 • C is plotted in black diamond markers in Fig. 13 . In Figs. 14(a) and 14(d), the green 2 channel energy map of the interpolated white image at 38.4 • C is compared with that of an experimentally obtained image at the same temperature. The peak signal to noise ratio (PSNR) for red, blue, green 1 and green 2 channels of the interpolated and experimental images are 73.7dB, 77.4dB, 70.94 dB, and 70.0dB, respectively. The calculated structural similarity index (SSIM) for the energy maps of all channels in the interpolated and experimentally acquired images are higher than 0.999. Comparing the energy maps using PSNR and SSIM as well as the total energy metric shows very good agreement between the moiré energy of the linearly interpolated white image and that of the experimentally acquired image at the same temperature (see Fig. 14) . Calibration of the experimentally obtained image at 38.4 • C using the interpolated image results in a uniform image shown in Fig. 14(c) . 
CONCLUSION
In summary, we have presented experimental characterization of fiber-coupled image moiré effects to show that a larger pixel size of the sensor or a larger distance between the fiber bundle and the sensor results in less variations of the moiré pattern (along with less image spatial resolution). We described a technique based on spectral domain analysis to quantitatively analyze moiré patterns in fiber-coupled sensor images and showed that this method can quantify moiré pattern variations that may not be visible in spatial domain images due to random sensor noise and DC image intensity. We used this energy map metric to quantify the residual moiré in images calibrated using flatfields at different temperatures. We showed that for a stable flat-field calibration, the white images should be taken at the operating temperature of the fiber-coupled sensor, but also that interpolation between multiple white images at known temperatures can be effectively used for the real-time generation of white flat-field images at arbitrary operating temperatures of the fiber-coupled sensor.
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